The blastocyst consists of the outer layer of trophectoderm and pluripotent inner cell mass (ICM), the precursor of the placenta and fetus, respectively. During blastocyst expansion, the ICM adopts a compact, ovoidal shape, whose proper morphology is crucial for normal embryogenesis. Rho-associated kinase (ROCK), an effector of small GTPase RHO signaling, mediates the diverse cellular processes of morphogenesis, but its role in ICM morphogenesis is unclear. Here, we demonstrate that ROCK is required for cohesion of ICM cells and formation of segregated tissues called primitive endoderm (PrE) and epiblast (Epi) in the ICM of the mouse blastocyst. Blastocyst treatment with ROCK inhibitors Y-27632 and Fasudil caused widening or spreading of the ICM, and intermingling of PrE and Epi. Widening of ICM was independent of trophectoderm because isolated ICMs as well as colonies of mouse embryonic stem cells (mESC) also spread upon Y-27632 treatment. PrE, Epi, and trophectoderm cell numbers were similar between control and treated blastocysts, suggesting that ROCK inhibition affected ICM morphology but not lineage differentiation. Rock1 and Rock2 knockdown via RNA interference in mESC also induced spreading, supporting the conclusion that morphological defects caused by the pharmacological inhibitors were due to ROCK inactivation. When blastocysts were transferred into surrogates, implantation efficiencies were unaffected by ROCK inhibition, but treated blastocysts yielded greater fetal loss. These results show that proper ICM morphology is dependent on ROCK activity and is crucial for fetal development. Our studies have wider implication for improving efficiencies of human assisted reproductive technologies that diminish pregnancy loss and promote successful births. assisted reproductive technologies (ART), cell lineage, developmental biology, early development, embryo, fetal loss, implantation, preimplantation
INTRODUCTION
In preimplantation development of placental mammals, the early conceptus generates extraembryonic tissues to support fetal development and survival. The first extraembryonic tissue to emerge is the trophectoderm (TE), which is the outer epithelial layer of the blastocyst, and it segregates from the pluripotent inside cells, the inner cell mass (ICM), which gives rise to the fetus [1] . The TE is the progenitor of trophoblasts, which mediate blastocyst implantation in the uterine wall as well as contribute to placentation. The molecular mechanisms by which TE lineage is generated during preimplantation development have been extensively studied. Regulators of apico-basal cell polarity and the Hippo signaling pathway are responsible for TE epithelialization and activation of TEspecific transcription factors, such as CDX2 [2] [3] [4] [5] [6] . CDX2, a caudal-type homeodomain transcription factor, suppresses expression of a key regulator of pluripotency, POU-domain transcription factor POU5F1, and thus further promotes segregation of the TE lineage from the ICM [7] [8] [9] [10] [11] [12] .
The second extraembryonic tissue to emerge is the primitive endoderm (PrE), and it originates from the ICM. During the expansion of the blastocyst cavity (embryonic stages between E3.5 and E4.5), a mixture of cell progenitors of the PrE and the pluripotent lineage epiblast (Epi) appear in the ICM [13] [14] [15] . By E4.5, the PrE is clearly segregated from the Epi and forms the superficial layer of the ICM, facing the blastocyst cavity. After implantation of the blastocyst, the PrE gives rise to visceral and parietal endoderm, which contributes to the yolk sac. The PrE derivatives not only perform nutritive functions for the early conceptus, but they also play critical roles in specifying the body axis in the Epi-derived tissues [16, 17] . The molecular mechanisms of PrE formation have also been studied rigorously. The PrE cells are marked by the expressions of zinc finger transcription factors GATA-binding protein 4 and 6 (GATA4, GATA6), both of which are essential in PrE differentiation [18] [19] [20] . In contrast, the Epi cells are marked by the expression of NANOG, a homeobox transcription factor that is essential for the maintenance of pluripotency [21, 22] . Studies using knockout mice and pharmacological inhibitors have revealed that cell-cell signaling via the FGF-GRB2-MAPK pathway is essential for PrE differentiation because the interference with this pathway results in ICM that is composed entirely of Epi cells but not PrE cells [13, 23] . However, how the FGF-GRB2-MAPK pathway is activated specifically in the presumptive PrE cells is still unclear.
As the blastocyst cavity expands between E3.5 and E4.5, the ICM adopts a highly compact morphology and is arranged in an oval shape. Formation of the ICM as a cohesive single mass is crucial for normal development, and it needs to segregate into two distinct layers of PrE and Epi, whose interactions are essential for germ layer formation and body axis specification [24, 25] . Splitting or distortion of the ICM is suggested to result in complete or partial twinning of the fetus or failure of fetal development [26] [27] [28] . Such disruptions in the ICM morphology have been observed during in vitro culture of human embryos, which may be a factor contributing to higher incidence of monozygotic twinning in human embryos derived by in vitro fertilization (IVF) [29] [30] [31] [32] . Currently, however, the mechanism of ICM morphogenesis is not well understood. How ICM is normally maintained as a single discrete mass, and whether its compact morphology is a prerequisite for PrE and Epi tissue segregation are still unclear. Thus, knowledge about the mechanisms of ICM morphogenesis has major clinical implications for assisted reproductive technologies (ART) to improve pregnancy and birth rates in humans.
Rho-associated kinase (also known as, Rho-associated coiled-coil containing protein kinase or ROCK) is a serine/ threonine kinase, and there are two isoforms ROCK1 and ROCK2, which are collectively referred to as ROCK. ROCK functions as an effector of small GTPase RHO signaling, which plays diverse roles in various cellular functions. For example, RHO signaling assembles the mechanical forces required for cell adhesion, migration, polarity, division, and apoptosis, by regulating actin filaments and myosin motors in a spatiotemporal manner [33] [34] [35] [36] . Previous studies using the mouse embryo suggested the importance of RHO-ROCK signaling at the early stages of preimplantation development. Inhibition of RHO with C3-transferase of Clostridium botulinum impairs cell polarization and compaction at the eight-cell stage (E2.5) [37] . Moreover, interference with ROCK activity by a pharmacological inhibitor Y-27632 from the two-cell stage (E1.5) disrupts blastocyst cavity formation [38] . However, the role of ROCK in later stages of preimplantation development, particularly with respect to ICM aggregation and differentiation and segregation of PrE and Epi, has not been investigated.
Here, to explore the role of ROCK in ICM morphogenesis, we employed pharmacological inhibitors and RNA interference to target both isoforms as tools to interrogate ROCK function in the blastocyst. Our data showed that ROCK activity is necessary for the cohesive aggregation of ICM cells, segregation of PrE and Epi tissues, and fetal development, but is dispensable for cell proliferation and PrE and Epi differentiation. We propose that our data have wider implication for human ART, by providing morphological and molecular parameters with which to assess the efficacy and safety of ART procedures that may affect ICM morphogenesis.
MATERIALS AND METHODS

Animals
B6D2F1 (C57BL/6 3 DBA/2; National Cancer Institute) and CD-1 (Charles River Laboratories) mice were used. The protocol for animal handling and use was reviewed and approved by the Institutional Animal Care and Use Committee of the University of Hawaii. The animals were maintained and treated according to the regulations and guidelines of the Animal and Veterinary Service at the University of Hawaii and the Committee for the Update of the Guide for the Care and Use of Laboratory Animals of the Institute for Laboratory Animal Research of the National Research Council of the National Academies (8th ed., 2011).
Embryo Collection
B6D2F1 female mice were injected with equine chorionic gonadotropin and human chorionic gonadotropin (hCG; EMD Millipore) at 48 h apart and mated with B6D2F1 male mice. At 44 h after hCG injection, two-cell stage embryos were flushed from the oviducts with FHM HEPES-buffered medium (MR-024-D; EMD Millipore) and cultured to the early blastocyst stage (E3.5) in KSOM-AA medium (MR-121-D; EMD Millipore) at 378C with 5% CO 2 in humidified air.
Pharmacological Treatment of Blastocysts with ROCK Inhibitors
Stocks of ROCK inhibitors Y-27632 (10 mM) and Fasudil (20 mM) (EMD Millipore) were dissolved in dimethyl sulfoxide (DMSO) and water, respectively, and were stored at À208C until ready for use. Y-27632 (10, 15, or 20 lM) and Fasudil (5 lM) were freshly diluted in KSOM-AA and pipetted as 20 ll drops under mineral oil that were equilibrated at 378C with 5% CO 2 in air prior to use for embryo treatment. Control 20 ll drops were prepared by adding DMSO or water to KSOM-AA at a volume equal to that of the inhibitor. E3.5 blastocysts whose cavity volume was at least half the total size of the embryo were selected for use in the experiments. Blastocysts were cultured in ROCK inhibitor and control drops up to E4.5 (24 h) and processed for immunostaining, or E4.5 inhibitor-treated and control blastocysts were further cultured in drug-free KSOM-AA for 24 h and processed for immunostaining.
Immunofluorescent Staining
Samples were fixed in 4% paraformaldehyde solution in phosphatebuffered saline (PBS) for 30 min and permeabilized in PBS containing 0.5% Triton X-100 for 15 min. After blocking with 5% bovine serum albumin in PBS containing 0.1% Tween-20, samples were incubated in the primary antibody overnight at 48C and incubated in secondary antibody for 2-3 h at 258C. Primary antibodies used were rabbit anti-CDH1 (1:400; 24E10, #3195; Cell Signaling Technology) [39] , mouse anti-CDX2 (1:200; CDX2-88; BioGenex) [10] , goat anti-GATA4 (1:400; C-20, #sc-1237; Santa Cruz Biotechnology) [40] , rabbit anti-NANOG (1:800; #RCAB0002P-F; Cosmo Bio) [12] , goat anti-POU5F1 (1:200; N-19, #sc-8628; Santa Cruz Biotechnology) [3] , and mouse anti-b-tubulin (1:5000; TUB 2.1, #T4026; Sigma-Aldrich) [41] . Secondary antibodies (1:1000; Life Technologies) were conjugated with Alexa Fluor 488, namely, donkey anti-rabbit, goat anti-mouse, and rabbit anti-goat, and conjugated with Alexa Fluor 546, namely, donkey anti-goat, goat anti-rabbit, and rabbit anti-mouse. F-actin filaments were visualized by adding phalloidin conjugated with Alexa 633 (Life Technologies) at a final concentration of 33 nM in the secondary antibody solution. Stained samples were mounted in ProLong Gold antifade reagent containing 4 0 ,6 0 -diamidino-2-phenylindole (DAPI) (Life Technologies).
Microscopy and Image Analysis
Embryos from the same experiment were imaged in the same session, using an Axiovert 200 fluorescence microscope (Carl Zeiss) and FV1000 confocal laser scanning microscope (Olympus). For confocal microscopy, serial optical sections were imaged at 2 lm intervals under a 403 objective lens with oil. Zaxis projections of serial optical sections, measurement of ICM length, and examination of every optical section to count nuclei were performed with the aid of Fluoview Viewer software (Olympus). Three-dimensional reconstructions of the ICM were performed with the aid of Imaris software (Bitplane) to observe cell distribution.
Time-Lapse Video Microscopy
Embryo development was captured in real-time using time-lapse video microscopy, as previously described [42] . A 20 ll drop of KSOM-AA medium was placed on a poly-D-lysine-coated cover glass (BD Biosciences), which was placed in a Petri dish and overlaid with mineral oil. The dish was then placed in Heating Insert P (PeCon), whose temperature and CO 2 concentration were regulated by Tempcontrol 37-2 and CO2-Controller (PeCon), respectively. The Heating Insert P was enclosed in Incubator XL-3 (PeCon), which was attached to Axiovert 200 inverted microscope (Carl Zeiss). Blastocysts were placed in the KSOM-AA drop after it equilibrated. Images were captured every 15 min, using the AxioCam MRm digital camera, which was controlled by the AxioVision software (Carl Zeiss). The Incubator XL-3 was covered with a black plastic sheet during time-lapse recording. The diameter of the blastocyst cavity was measured in images with the aid of AxioVision software, using the scalings and length tools.
Cell Culture
P19 mouse embryonal carcinoma cells (American Type Culture Collection) were cultured in alpha-Minimum Essential Medium (Life Technologies) with 2.5% fetal bovine serum and 7.5% calf serum. RW.4 mouse embryonic stem cells (mESC; American Type Culture Collection) were cultured in ESGRO Complete Clonal Grade Medium (EMD Millipore) on gelatin-coated dish without feeder cells. Twenty thousand P19 cells were plated in each well of a four-well plate (Nunc) and transfected with short hairpin RNA (shRNA) plasmids (200 ng) using Lipofectamine 2000 (Life Technologies), according to the manufacturer's instruction. One day after transfection, P19 cells were cultured in the presence of puromycin (10 lg/ml) for 2 days to eliminate untransfected cells, followed by RNA extraction. For colony formation, 50 000 mESC were plated in each well of gelatin-coated four-well plate, and cultured LAENO ET AL. for 2 days in the presence or absence of 10 lM Y-27632. For knockdown of Rock1 and Rock2, mESC were transfected with a mixture of the two plasmids, (500 ng each of TRCN0000022903 and TRCN0000022923; Sigma-Aldrich) 1 day after plating using Lipofectamine LTX (Life Technologies), according to the manufacturer's instruction. Enhanced green fluorescent protein (Egfp) shRNA plasmid (SHC005; Sigma-Aldrich) was used as the control. One day after transfection, culture medium was replaced with fresh medium containing puromycin (2 lg/ml) for an additional 2 days of culture.
Short Hairpin RNA Plasmid Injection
Short hairpin RNA plasmids were injected into one-cell embryos as previously described [3] . The shRNA plasmids were diluted to a total concentration of 10 ng/ll (i.e., 5 ng/ll Rock1 plus 5 ng/ll Rock2 shRNA plasmids, or 10 ng/ll control shRNA plasmid) in the injection buffer, which consisted of 5 mM Tris, pH 7.4, 0.1 mM ethylenediaminetetraacetic acid, and 0.1 mg/ml of Fast Green FCF (Sigma-Aldrich). With the aid of FemtoJet air pump (Eppendorf), approximately 0.1-0.2 fg/egg of shRNA plasmids were injected into a pronucleus of fertilized eggs, which were collected from oviducts of B6D2F1 mice. Injected eggs were transferred into KSOM-AA drops for further culture.
Quantitative Reverse Transcription-Polymerase Chain Reaction Analysis
Total RNA was extracted with TRI reagent (Sigma-Aldrich) and used for cDNA synthesis. For P19 cells, cDNA was synthesized from 1 lg of total RNA. For embryos, cDNA was synthesized from the entire total RNA extracted from each sample (15-25 embryos). Quantitative PCR was performed, using iCycler Thermal Cycler with MyiQ Single Color Real-Time PCR Detection System (Bio-Rad). Amplification of 0.5 ll cDNA was done with iQ SYBR Green Supermix (Bio-Rad) in a 20-ll reaction volume as follows: initial denaturation at 948C for 5 min, followed by up to 45 cycles of 948C for 15 sec, 608C for 20 sec, and 728C for 40 sec. Gapdh was used to normalize gene expression levels. The following primers were used: Rock1, F-CAA GCT TGA AGA GCA ACT GC, R-CTT GTC TGC TTG TGA CTT GG; Rock2, F-AGA ACA CCT TAG CAG TGA GG, R-TTT GGA ACT TTC TGC CTG GG; Rhoa, F-CTT TAT AAG TGA TGG CTG CC, R-TGG TCT TTG CTG AAC ACT CC; and Gapdh, F-GCA TGG CCT TCC GTG TTC CT, R-CCC TGT TGC TGT AGC CGT ATT CAT.
Collapsing the Blastocyst Cavity
Procedures were done as previously described [38, 43] . A stock of cytochalasin D (10 mg/ml in DMSO) (Sigma-Aldrich) was prepared and stored at À208C until ready for use. Cytochalasin D (0.5 or 2 lg/ml) was freshly diluted in KSOM-AA and pipetted as 20 ll drops under mineral oil to equilibrate at 378C with 5% CO 2 in air prior to use. Control 20 ll drops were prepared by adding DMSO to KSOM-AA at a volume equal to that of the cytochalasin D. E3.5 blastocysts whose cavity volume was at least half the total size of the embryo were used for the experiments. We had observed that the reduction in size of the blastocyst cavity occurred within 5 h after the start of Y-27632 treatment. We therefore incubated the blastocysts in cytochalasin D and control drops within this time frame for 1 h, followed by washing in drug-free KSOM-AA, and culture in drug-free KSOM-AA up to E4.5. The E4.5 blastocysts were processed for immunostaining.
ICM Isolation by Immunosurgery
Procedures were done as previously described [44] . Briefly, E3.5 blastocysts still inside the zona pellucida were incubated in rabbit anti-mouse serum diluted in KSOM-AA followed by guinea pig complement (Invitrogen) diluted in KSOM-AA. Lysed TE cells were removed, along with zona pellucida, by treating embryos with 0.5% pronase (Roche) in FHM. Isolated ICMs were cultured with or without 10 lM Y-27632 in KSOM-AA medium in dishes coated with Matrigel matrix (BD Biosciences) for 1 day. Images of cultured ICMs were photographed using the AxioCam MRm digital camera, and ICM areas were measured in the images using outline tool in the AxioVision software (Carl Zeiss).
Embryo Transfer into Surrogate Mice
Y-27632-treated and control blastocysts at E4.5 were transferred separately into the uterine horns of pseudopregnant CD-1 females that had been mated with vasectomized CD-1 males at three nights previously [44] . Numbers of implantation sites and normal developing fetuses were observed on Day 14.5 of gestation, the time point at which extent of early embryonic loss after implantation can be assessed and when normal fetuses rarely fail to develop to full term [45] .
Statistical Analysis
In each set of experiment, embryos were collected from three to five superovulated female mice and pooled together, which were then divided into two groups (i.e., control and experimental). Numbers of replications for each experiment are indicated in the corresponding figure legends, and they are based on independent collections of embryos on separate occasions. Data were presented as mean 6 standard error of the mean, unless indicated otherwise. Data for embryo transfers presented in Table 1 were arcsine-transformed and analyzed by Student t-test, which are detailed in Supplemental Tables S1-S3 (all the Supplemental Data is available online at www.biolreprod.org). Differences were considered statistically significant at P , 0.05.
RESULTS
Treatment with Y-27632 Alters the ICM Morphology and Disrupts PrE and Epi Tissue Segregation
To test the requirement for ROCK in ICM morphogenesis, embryos were treated with the specific inhibitor Y-27632 during blastocyst cavity expansion (E3.5-E4.5, 24 h) and were immunostained for transcription factor proteins that are PrEand Epi-specific markers, that is, GATA4 and NANOG [14] , respectively. Embryos that were treated with 20 lM of Y-27632 led to the permanent collapse of most of the blastocyst cavity (data not shown), whereas blastocysts retained their cavity in 15 lM or less of Y-27632. This suggests that the high concentration of Y-27632 may have resulted in effects other than on the ICM, possibly impairment in the epithelial integrity of the TE. To focus on its impact on ICM morphology, the results presented here were based on experiments using 10 or 15 lM of Y-27632. At E4.5, control (untreated) blastocysts (n ¼ 23) had an ICM whose cells were packed in an aggregate that consisted of an outer layer of PrE cells and a deeper layer of Epi cells (Fig. 1, A and B, and Supplemental Fig. S1, A and B) . In contrast, blastocysts treated with 10 lM (n ¼ 22, Fig. 1 , A and B) and 15 lM (Supplemental Fig. S1 , A and B) of Y-27632 had an ICM with altered morphology such that the ICM cells were less tightly aggregated and were scattered. The PrE and Epi tissue layers were disrupted, and the cells of the two lineages appeared to be intermingled to varying extent. We compared the ICM size between treated and control blastocysts by measuring the ICM at the widest dispersion of its cells. The ICM was significantly wider or more spread out in Y-27632-treated blastocysts ( Fig. 1C; Supplemental Fig. S1C ). These results show that ROCK inhibition led to the loosening of the ICM aggregate. This suggests that ROCK is required for cellcell cohesion to enable the tight aggregation of ICM cells during blastocyst cavity expansion. Interestingly, requirement of ROCK activity for tight cell aggregation appears to be specific to ICM but not for cell adhesion in general because treatment of embryos with Y-27632 at earlier stages, namely from two-cell stage onward, does not interfere with cell adhesion or compaction, as shown previously [38] .
To examine whether the abnormal morphology of Y-27632-treated ICM is merely due to delay or arrest in developmental progress, cell numbers were compared between the control and treated blastocysts at E4.5. The total number of cells, as well as the number of PrE and Epi cells in the embryos, were unchanged by Y-27632 treatment (Fig. 1, D and E, and Supplemental Fig. S1 , D and E). Thus, cell proliferation and cell-type differentiation were unaffected by ROCK inhibition, suggesting that the failure of tight aggregation and PrE and Epi NORMAL MORPHOGENESIS OF ICM REQUIRES ROCK ACTIVITY segregation were not due to delayed or arrested development of the embryo but was due specifically to disturbance in the ICM morphology.
We also examined the impact of Y-27632 on TE differentiation by immunostaining blastocysts for the TE lineage-specific transcription factor, CDX2 [7] . CDX2-positive cells were distinct in inhibitor-treated embryos (n ¼ 9) with no apparent loss in expression, and they were similar to those in the control embryos (n ¼ 8) (Fig. 1F ). This suggests that the TE lineage differentiation during blastocyst expansion is independent of ROCK.
To verify that the phenotype caused by the Y-27632 treatment was due to inhibition of the ROCK activity, the effect of another type of ROCK inhibitor, Fasudil, was analyzed. We found that Fasudil treatment showed essentially the same effects on the ICM morphology as Y-27632 treatment. In Fasudil-treated blastocysts (n ¼ 12), the PrE and Epi cells were more spread out and the ICM was significantly wider than in the control blastocysts (n ¼ 14) (Fig. 2, A-C) . Total cell number and PrE and Epi cell numbers were similar between treated and control embryos (Fig. 2, D and E) . Thus, Fasudil treatment phenocopied the Y-27632-induced alterations of the ICM morphology. Taken together, the maintenance of the ICM cohesion and the segregation of the PrE and Epi tissue layers require ROCK activity.
Transient Reduction in Blastocyst Cavity Size Does Not Interfere with Proper Morphogenesis of the ICM
To gain insight into how Y-27632 interferes with normal ICM morphogenesis, we monitored the behavior of blastocysts continuously throughout the culture period (E3.5-E4.5) by time-lapse cinematography ( Fig. 3A and Supplemental Movies). We noticed that the size of the blastocyst cavity transiently decreased more prominently in Y-27632-treated embryos compared to control. At the start of the time-lapse recording (E3.5), all the blastocysts had a cavity size greater than 60 lm, which was measured as the longest diameter (see Materials and Methods). During 24 h of culture, none of the control blastocysts (n ¼ 16) collapsed below 60 lm in cavity size, whereas 53% of Y-27632-treated blastocysts (n ¼ 15) did, half of which took place within 5 h after the initiation of treatment (Fig. 3A) . Reduction in cavity size, however, was transient, and the cavity reexpanded in most embryos even in the continuous presence of Y-27632.
It had been observed previously that during in vitro culture of human blastocysts, the size of the cavity exhibits repeated reduction and reexpansion, or pulsing behavior. It was suggested that the cavity reduction may contribute to distortion of the ICM morphology and result in dissociation of ICM cells that can produce ectopic ICM [26, 30] . Thus, it is possible that the Y-27632-induced transient reduction in cavity size (Fig.  3A) may have led to the loosening of ICM cells and the interference with PrE and Epi cell sorting (Fig. 1, A and B) . To test this, we induced transient cavity reduction using a different method, namely by briefly treating blastocysts with cytochalasin D as previously done [38, 43] . Blastocysts were treated with 0.5 and 2 lg/ml of cytochalasin D for 1 h at E3.5 plus 3 h (corresponding to the approximate timing when cavity reduction mostly occurred in Y-27632-treated blastocysts). The cavity collapsed in all the blastocysts (n ¼ 18) during the cytochalasin D treatment. However, after transfer back to normal culture medium, the cavity reexpanded robustly by E4.5. We found that the PrE and Epi tissue layers showed segregation (n ¼ 12 at 0.5 lg/ml, Fig. 3B ; data for 2 lg/ml is found in Supplemental Fig. S2A ). The ICM shape was similarly compact in cytochalasin D-treated and control embryos (n ¼ 8, Fig. 3B and Supplemental Fig. S2A) . Moreover, the ICM size was not statistically different between the two groups ( Fig. 3C and Supplemental Fig. S2B ). Thus, reduction in blastocyst cavity size per se does not interfere with proper ICM morphogenesis, including the PrE and Epi tissue segregation, excluding it as the primary cause for the abnormal ICM morphology induced by ROCK inhibition. Tables S1-S3) .
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ROCK Inhibition Causes Spreading of ICM without TE
Even though we showed that transient cavity reduction did not cause the ICM defects, there is still a possibility that ROCK inhibition may first affect TE, which in turn causes spreading of ICM. To test whether ROCK inhibition directly induces ICM to spread without TE, ICMs were isolated by immunosurgically removing TE from E3.5 blastocysts and were then cultured on a Matrigel-coated dish for 1 day (i.e., up to the equivalent stage of E4.5 blastocyst) in the presence or absence 
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of Y-27632. Control ICMs (n ¼ 29) were firmly attached to the culture dish while maintaining their spherical shape of aggregated cells (Fig. 4A) . In contrast, Y-27632-treated ICMs (n ¼ 29) showed dramatic changes in morphology: they flattened and spread as a monolayer on the culture dish, resulting in significantly increased surface area than in control ICMs (Fig. 4, A and B) . Thus, ROCK inhibition in ICM is sufficient to cause its spreading, and this morphological change is not dependent on TE.
We took further advantage of isolated ICMs to investigate how ROCK inhibition led to dramatic changes in ICM morphology, particularly focusing on the key adhesion molecule CDH1 (E-cadherin) and cytoskeletal components, namely filamentous actin (F-actin) and microtubules. Although cells were spread out in ROCK-inhibited isolated ICM, CDH1 was distinctly expressed and remained localized at sites of cellcell contact (Fig. 4C) , suggesting that spreading of ICM cells was not due to loss of CDH1. In contrast, F-actin, which was localized in the cell cortex of control ICMs, was diminished in Y-27632-treated ICMs, particularly in cells near the periphery (Fig. 4C) . Microtubules also showed cortical localizations in control ICMs, whereas they were mainly found in the cytoplasm in Y-27632-treated ICMs (Fig. 4C) . These results suggest that ROCK inhibition caused substantial remodeling of cytoskeletal components, which might have contributed to the spread morphology of the ICM.
Disruption of the ICM Morphology by ROCK Inhibition Is Irreversible
We then asked whether the normal morphology of the ICM can be restored in Y-27632-treated blastocysts after removal of the inhibitor. After culture with or without Y-27632 for 24 h (E3.5-E4.5), blastocysts were washed and cultured in inhibitorfree medium for another 24 h (E4.5þ1day). The results showed that treated/washed embryos (n ¼ 16) retained a significantly wider ICM than control embryos (n ¼ 23) (Fig. 5, A and B) . The numbers of PrE and Epi cells were similar between treated/ washed and control embryos (Fig. 5C) . Interestingly, an additional clump of NANOG/POU5F1-positive cells (Fig.  5D ) was observed on occasion, whereas single scattered ICM cells were relatively more common (Fig. 5E) . The TE cells were examined by immunostaining for CDX2 protein. There were no apparent differences in CDX2-staining levels between treated/washed embryos (n ¼ 9) and control embryos (n ¼ 8) (Fig. 5E) . Thus, the ROCK inhibitor-induced disruption of the ICM morphology is not reversible.
Alteration of the ICM Morphology Is Incompatible with Fetal Development
The above studies indicate that ROCK inhibition during blastocyst expansion impairs the ICM morphology, while the 
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lineage formation of PrE, Epi, and TE is unaffected. This situation provides an opportunity to investigate how abnormal ICM morphology would influence postimplantation development, specifically with respect to the efficiency of implantation and fetal development. Thus, Y-27632-treated and control blastocysts at E4.5 were transferred into surrogate mothers, and the contents of the uterine horns were examined at Day 14.5 of gestation. Most control blastocysts generated normal fetuses, whereas treated blastocysts developed significantly fewer fetuses (P , 0.05) ( Table 1) . Conversely, treated blastocysts resulted in significantly more implantation scars (P , 0.05) that indicated aborted development. Interestingly, however, the total number of implantation sites (i.e., fetus plus scar) was not significantly different (P ¼ 0.159) between control and treated blastocysts, suggesting that the efficiency of implantation was not compromised by ROCK inhibition. This is consistent with the lack of interference by Y-27632 on the TE lineage formation (Figs. 1F and 5E ). These results show that ROCKdependent normal morphogenesis of the ICM plays an essential role in fetal development.
Knockdown of Rock1 and Rock2 Impairs Morphology of Embryonic Stem Cell Colonies
Y-27632 has been used as a specific inhibitor of ROCK in many studies, and the effects of inhibitor treatment are 
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consistent with loss-of-function of ROCK1 and ROCK2 in various experimental systems [35, 36, [46] [47] [48] [49] [50] . To verify that the impact of Y-27632 on the ICM morphology is largely due to impairment of Rock1 and Rock2, we attempted to knock down these two genes simultaneously in the blastocyst. The most conventional methodology to knock down gene expression during mouse preimplantation development is to introduce RNA interference agents, such as plasmids encoding genespecific shRNA, into fertilized eggs. This method has been performed by ourselves as well as by other researchers [3, 51, 52] . Thus, we first identified specific shRNA plasmids that can effectively down-regulate the level of Rock1 or Rock2 transcripts, using P19 mouse embryonal carcinoma cell line. P19 cells were transiently transfected with shRNA plasmids and cultured for 1 day in the presence of puromycin to select those cells that maintained transfected plasmids. Quantitative RT-PCR analysis showed that about 90% of Rock1 transcripts were eliminated by the Rock1-specific shRNA plasmid, and about 90% of Rock2 transcripts were eliminated by the Rock2-specific shRNA plasmid (Fig. 6A) , indicating that these two plasmids effectively knock down Rock1 and Rock2.
We then microinjected these two shRNA plasmids together into fertilized eggs (E0.5), and examined the transcript levels of Rock1 and Rock2 at E3.5 and E4.5. At E3.5, the levels of Rock1 and Rock2 were reduced by about 65% and 75%, respectively, compared to embryos injected with the control shRNA plasmid (Fig. 6B) . At E4.5, reduction in the transcript level was no longer substantial because the knockdown of Rock1 and Rock2 was only by about 35% and 55%, respectively (Fig. 6B ). Thus, with this methodology, we were unable to maintain substantially low levels of Rock1 and Rock2 beyond E3.5, possibly due to dilution and/or degradation of the shRNA plasmids over 3-4 days of culture after injection at the one-cell stage. Our present study focuses on the role of ROCK in proper ICM morphogenesis at later stages of preimplantation development, specifically between E3.5 to E4.5. Thus, this methodology may not be suited to compare the effect of the pharmacological inhibitor and that of Rock1/Rock2 knockdown on ICM morphology.
To overcome this limitation, we used mESC, which are derivatives of ICM and retain various molecular and developmental characteristics of ICM, as a model to investigate the impact of ROCK inhibition on ICM morphology. We cultured mESC in the absence or presence of Y-27632 for 2 days. Control mESC formed round, cohesive, dome-shaped colonies (Fig. 6C ) that were similar in appearance to isolated ICM cultured in the absence of Y-27632 (Fig. 4A) . In contrast, colonies of Y-27632-treated mESC were flat and monolayered (Fig. 6C ), which were reminiscent of the morphology of isolated ICM cultured with Y-27632 (Fig. 4A) . Thus, ICM and mESC colonies responded to Y-27632 in a similar manner in terms of spread morphology. We then knocked down both Rock1 and Rock2 in mESC and examined their colony morphology. The mESC were transiently transfected with the 
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Rock1 and Rock2 shRNA plasmids, followed by 2 days of culture in the presence of puromycin to select those that retained shRNA plasmids. The mESC transfected with control shRNA plasmid formed round, dome-shaped colonies, whereas those transfected with Rock1 and Rock2 shRNA plasmids formed flat, spread colonies (Fig. 6D) . These results support the hypothesis that morphological defects caused by Y-27632 were largely due to inactivation of ROCK.
DISCUSSION
Here, we investigated the requirement for ROCK activity during the later stages of preimplantation development (E3.5-E4.5), particularly focusing on ICM morphogenesis. Our data showed that ROCK activity is required for the tight aggregation of ICM cells, and for PrE and Epi segregation into distinct tissue layers. On the other hand, cell proliferation and differentiation of the PrE, Epi, and TE lineages were ROCKindependent. Our data also showed that in spite of the scattering of ICM cells after inhibition of ROCK activity, such blastocysts were still capable of implantation as efficiently as normal blastocysts. However, blastocysts with scattered ICM cells resulted in significant fetal loss, showing that ICM morphology is a critical determinant of successful fetal development.
The present study showed that inhibition of ROCK impaired the two key aspects of ICM morphogenesis: cohesion of ICM into a tight aggregate and segregation between PrE and Epi. Were these two aspects independently affected by ROCK inhibition, or did impairment of one aspect cause the other? It is unlikely that impairment of ICM cohesion was a result of failed segregation between PrE and Epi because mESC colonies, which are essentially composed of Epi, also exhibited spread morphology in response to ROCK inhibition. Nonetheless, this does not exclude the possibility that segregation between PrE and Epi is also dependent on ROCK activity. Although the molecular mechanisms of PrE/Epi segregation are not fully understood, they are likely to involve differential cell adhesion and directional cell migration [13] [14] [15] . It has been shown in various systems that ROCK regulates cell adhesion and cell migration [34] . Thus, it is possible that PrE/Epi segregation is regulated by ROCK independently from ICM cohesion. To test this idea in future studies, an experimental approach is required to rescue the cohesion defect and then to investigate the lineage segregation.
Although no investigations other than the present study have been reported on the roles of RHO-ROCK signaling in ICM morphogenesis, several in vitro studies have suggested that RHO-ROCK signaling regulates cell adhesion and motility in mESC and mouse embryonal carcinoma cells. These cell lines can be indefinitely cultured while maintaining characteristics similar to the ICM and are often used as in vitro models of the ICM to study the mechanisms of cell differentiation [53, 54] as we did in the present study. A previous study showed that inhibition of the RHO-ROCK-myosin signaling axis causes mESC to dissociate from one another and to become motile, resulting in dispersal of the colony [46] . In addition, PrE cells that are differentiated from F9 mouse embryonal carcinoma cell line exhibit increased migration when RHO-ROCK signaling is inhibited [55] . These findings in the cell line models are consistent with the present study, showing that tight aggregation of the ICM is dependent on ROCK activity.
A classic model explicates that cell-type differentiation in the ICM is dependent on cell position with cells facing the blastocyst cavity committing to the PrE fate and deeper cells committing to the Epi fate [24, 25] . With ROCK inhibitor treatment, PrE and Epi were spread out so that some Epi cells appeared to be exposed to the cavity. Nevertheless, the number of Epi and PrE cells were unchanged, which suggested several important aspects of ICM morphogenesis and differentiation: 1) cell position in the ICM is not sufficient to determine celltype differentiation; 2) cell interactions through FGF-GRB2-MAPK signaling that normally produce PrE [13, 23] can occur independently of ROCK activity; and 3) tight aggregation of the ICM is required for formation of distinct layers of PrE and Epi tissues. More recently, a mosaic/cell-sorting model has been proposed based on real-time tracing of PrE cells in live blastocysts that express green fluorescent protein under the control of the PrE-specific Pdgfra promoter [14] . In this model, the ICM is initially composed of PrE and Epi progenitor cells that are intermingled in the ICM, and later a combination of distinct cell behaviors, namely, directed migration, sorting, and apoptosis, separate the PrE from Epi as a segregated layer. While validity and applicability of this model are still actively investigated, the ROCK-inhibited blastocyst may provide a unique tool to interrogate the mechanisms of PrE and Epi formation with respect to cell behaviors.
The present study also showed that inhibition of ROCK activity in the blastocyst prior to implantation adversely affected fetal development, possibly due to abnormal ICM morphogenesis. Interestingly, this finding is consistent with a recent study of double knockout mice deficient in both Rock1 and Rock2 genes [56] . The double null mutant embryos can develop to the blastocyst stage but show lethality after implantation, as evidenced by the fact that the embryos are resorbed before E9.5, which is the stage when body turning into fetal position has normally completed [57] . Importantly, single knockout mice for either Rock1 or Rock2 do not show any abnormalities until the late fetal stage [58, 59] . Thus, both isoforms need to be eliminated to reveal ROCK functions during early development, which can be achieved by using pharmacological inhibitors, as in the present study. The ROCK activity is absent continuously throughout development in the double knockout embryos, whereas the activity was inhibited only between E3.5 and E4.5 in our study. However, a normal ICM morphology was not restored after removal of ROCK inhibitor, indicating that interference with ROCK during this developmental window results in irreversible detrimental effects that led to fetal wastage. It is of note that the size of ICM varied among blastocysts, whether they were control or ROCK-inhibited. As presented in Figure 5B , some of the ROCK-inhibited blastocysts contained ICM whose size was larger than any of the control blastocysts, whereas the others contained ICM that was within the range of the control ICM (Fig. 5B) . We speculate that ROCK-inhibited blastocysts containing abnormally large ICM resulted in fetal loss, whereas those with ICM of normal range were still able to develop into normal fetuses. Further investigations on the inhibitor-treated blastocysts and the development of extraembryonic and embryonic tissues after implantation are necessary to determine abnormalities in connection with the fetal loss. It is noteworthy that in our studies we occasionally observed an additional clump of NANOG/POU5F1-positive cells that have dissociated from the main mass after ROCK inhibitor treatment. We speculate that formation of such ectopic clump of ICM-like cells due to ROCK misregulation in the expanding blastocyst may be a potential mechanism for generating monozygotic twins, which also warrant further investigations.
Our findings on the ICM morphology and fetal wastage bear relevance to human ART, namely with respect to the in vitro culture of human preimplantation embryos. Various clinics practice the method of culture up to the blastocyst stage after which the embryo is transferred into the uterus of the patient. Before transfer, blastocyst quality can be scored based on morphological criteria that include ICM size and shape [60, 61] . There are reports that good quality ICM and blastocysts are compatible with efficient production of pregnancies and births [60, 62] . In our present study, we closely analyzed the ICM morphology using morphological and molecular parameters, as discussed above. These parameters may be used to assess whether newly devised procedures (e.g., culture conditions, micromanipulations) are conducive to development of normal blastocysts. In fact, observations have been reported that during in vitro culture, human blastocysts undergo repeated reduction and reexpansion behaviors of the cavity, leading to ICM cells adhering to ectopic sites [26, 30] . Currently, it is unclear whether human blastocysts with atypical ICM morphology results in abnormal fetal development, although incidence of monozygotic twinning is reported to be higher in embryos conceived by IVF [29] [30] [31] [32] . Thus, more vigorous investigations on the quality of blastocysts, particularly with respect to the ICM morphology, should contribute to promoting healthy human preimplantation development in vitro, thereby reducing or preventing pregnancy loss, and consequently, leading to the successful birth of a baby.
